Advances in Next-Generation Sequencing (NGS) technology have led to a rapid expansion in the application of "precision medicine," attempting to personalize therapies and improve outcomes for cancer patients. While these technologies carry great promise, evidence for translation to patient outcomes is lacking. This is especially true in hepatocellular carcinoma (HCC), where multiple factors have hampered efforts to develop effective targeted therapies. We sought to review how application of NGS in HCC has translated to patient outcomes and what barriers stand in the way of further progress.
Introduction
Hepatocellular carcinoma (HCC), the most common type of liver cancer, carries a high morbidity and mortality; in the United States alone its incidence has been increasing at an annual rate of 1-4% since 2000. 1 Implementation of surveillance and screening protocols for patients at increased risk of HCC (i.e. hepatitis B, C, D and cirrhosis), has allowed for the detection of earlier stage tumors which are more amenable to curative therapy and lead to improved long-term survival. However, less than half of all new HCC tumors are detected through these protocols so patients still often present at advanced stages. 2 This disparity highlights the need for improvement in early detection, but also points to the need for ongoing development of effective treatment strategies in advanced disease.
Development of effective therapies for HCC has proven exceptionally difficult. Since the approval of the tyrosine kinase inhibitor (TKI) sorafenib, after demonstration of a three-month overall survival benefit in 2008, few additional therapies have been shown to improve on this benchmark. 3 A handful other TKIs have been approved including lenvatinib and regorafenib, but have only been able to show noninferiority to sorafenib as first-line therapy or benefit after progression on sorafenib, respectively. 4, 5 The additional promise of immunotherapy through targeting of CTLA-4 and PD-1/PD-L1 have yet to demonstrate significant benefit. The CheckMate-040 trial, the only trial with results comparing immunotherapy with nivolumab, a PD-1 inhibitor, vs the standard of care sorafenib as first-line therapy, had a response rate of only 20% and failed to demonstrate significant overall survival benefit. 6, 7 Difficulty in development of effective therapies is likely due in large part to the significant heterogeneity that exists in HCC. Multiple etiologies including hepatitis B, C and D, and cirrhosis contribute to different molecular subtypes of HCC which can respond differently to subsequent therapy. 8 In addition, HCC has been found to have particularly robust intertumor and intratumor heterogeneity including driver mutations, highlighting the need for identification of specific patient populations that will respond to individual therapies. 9 The introduction of Next-Generation Sequencing (NGS) in 2005, with the most common clinical applications being through use of targeted sequencing such as FoundationOne (Foundation Medicine, Cambridge, MA) and Oncomine panels (Thermo Fisher, Waltham, MA), as well as whole-exome sequencing (WES). These applications have significantly increased our ability to parse a tumor's individual characteristics as well as the potential for development of new targeted therapies ushering in the era of "precision medicine". 10 While it has demonstrated success in certain cancers by matching patients to treatment based on individual tumor characteristics, improving response rates as well as survival in clinical trials, this promise has not yet borne out in HCC. 11 Importantly, application of NGS, is not specific to probing a certain type of alteration, such as DNA mutations, but rather as a tool with which to probe the substrate of choice from the transcriptome to the epigenome. This fact highlights its powerful ability to probe a multitude of alterations in pathways of carcinogenesis. Most widely used targeted clinical NGS panels rely on the use of formalin-fixed paraffinembedded tumor tissue, however, there is significant research focus on use of other tissue types, the most provocative being "liquid biopsy" using cell free DNA (cfDNA) or circulating tumor cells (CTC). With the advancement and complexity of existing and novel sequencing technologies, it is critical to maintain definitions of "actionable targets," both generally and arguably, more importantly, within the context of each application. In a 2016 review on defining actionable mutations for oncologic therapies, Carr et al defined an actionable mutation as, "a DNA change that, if detected in a patient's tumor, would be expected (or predicted) to affect a patient's response to treatment." 12 As alluded to by the authors, this broad definition necessarily varies on a study by study basis and serves as an inherent determinant of detection power within the study. This article serves to highlight the successes and, more importantly, the barriers to improving outcomes of patients with HCC using NGS technologies.
What Have We Gained from NGS in HCC?
While there have not been significant advances in terms of patient outcomes through integration of NGS into HCC management, it has provided a genetic landscape from which to build. Multiple studies have now identified driver mutations common among HCC tumors from patients with different ethnicities and etiologies. [13] [14] [15] [16] [17] [18] These studies identified the most prevalent driver mutations including TERT, CTNNB1, TP53, AXIN1, ARID1A, and ARID1B, which unfortunately are commonly seen as "non-druggable". However, these studies may establish a potential contribution of underlying tumor etiology to the unique mutational landscape of the respective tumor. 15, 19 Recent work by Harding et al has managed to take NGS a step closer to affecting clinical care in HCC. Using MSK-IMPACT, an FDA approved panel of 468 genes, they were able to prospectively identify mutations that portended worse outcomes both with sorafenib and immune checkpoint inhibitors. Patients with oncogenic PI3K-mTOR alterations had significantly worse outcomes than those without when treated with sorafenib. Similarly, patients with an activating mutation of WNT/β-catenin were resistant to checkpoint inhibitor therapy. 20 This work is particularly promising because although only around 3% of cancer drugs tested in clinical trials eventually go on to obtain FDA approval, 21 the use of a biomarker for patient selection may double the chances of success. 22 One could suspect that the next incremental success in the application of NGS in HCC may come from a basket trial such as CUSTOM or NCI-MATCH in which patients with various tumors are screened with NGS and those patients with specific tumor mutations are subsequently enrolled and treated with a target drug on a clinical trial. 23 Moreover, trial enrichment, by selection of patients for a trial based on their molecular profile, which has yielded advancements in other tumor types such including EGF-R or ALK positive lung cancer or wild type RAS in colorectal cancer, has potential or benefit, however, is likely to be constrained by HCC's significant molecular heterogeneity. 24 
Barriers in Translating Data to Patient Outcomes
Despite limited translation of NGS to direct patient benefit in HCC, we now have a much better understanding of the complex framework of HCC tumors created by the unique mutational heterogeneity which has plagued efforts in targeted therapy thus far. We feel that the most important knowledge to date brought about through application of NGS in HCC has been in illuminating multiple ways by which HCC may overcome repeated attempts at one-size-fits-all therapies including chemotherapy, sorafenib and other small molecules.
HCC, compared to many other cancer types, has a low prevalence of existing or known actionable target mutations. An examination of The Cancer Genome Atlas Program (TCGA) data in comparison with the Database of Evidence for Precision Oncology (DEPO) demonstrated that of the 354 patients in the Liver Hepatocellular Carcinoma (LIHC) cohort, only 6% of patients had at least one currently druggable mutation compared to a rate of 30% in all combined cancer types. 25 Further complicating the matter is the significant intertumor and intratumor heterogeneity that exists compared with other cancers (Figure 1 ). 8, 17, [26] [27] [28] [29] [30] Intertumor heterogeneity or the harboring of unique HCC clones within synchronous tumors has been shown to be present anywhere from 22-60% of multicentric tumors. 31 In addition, the advent of sequencing on the single-cell level has illustrated the degree of intratumor heterogeneity on a transcriptome level that exists extremely early on in tumor development. 29, 30 Finally, there exists a temporal heterogeneity by which the tumor genome will be altered as it progresses and undergoes various therapies. 32 Utilization of higher resolution technologies including single cell will be vital in addressing the issue of heterogeneity by ensuring that targeted therapies address a broad population of cancer cells through their effector targets.
In addition to tumor-specific factors, there exist logistic barriers further hampering efforts to gain insight into this
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Treatment Figure 1 Four main types of tumor heterogeneity. Interpatient heterogeneity (top-left) describing differences between patients with similar tumor histology. Intertumor heterogeneity (top-right) describes differences between tumor foci in the same patient. Intratumor heterogeneity (bottom-left) demonstrates differences in tumor cells within the one tumor foci and lastly treatment associated heterogeneity (bottom-right) describes temporal changes in a tumor at intervals throughout treatment.
disease. As HCC management guidelines do not require tissue diagnosis, biopsies are not always readily available for all patients with HCC. This prevents insight into the tumor environment for research purposes, and it also makes it more difficult for patients to be screened for biomarkers, such as the aforementioned alterations in WNT/β-catenin or PI3K-mTOR, prior to treatment with sorafenib or checkpoint inhibitors. Although these biomarkers were identified in a small cohort of patients, their ability to predict response to therapy illustrates the importance of tissue analysis on patients with treatment refractory malignancies and warrants investigation in larger clinical trials.
Where Will Advances Come from?
The development of single cell resolution in sequencing technology has already contributed a wealth of information during its relatively short time in practice. While the recognized targetable mutation burden in HCC is relatively low, the increased resolution of newer NGS technologies has allowed for the discovery of striking tumor heterogeneity and has the potential to allow for better understanding of treatment resistance and the interplay of the limited targetable driver mutations that do exist. In order to address the paucity of routine tumor biopsies at diagnosis or during therapy, there have been strides to develop "liquid biopsy" techniques aimed at detecting CTC as well as cfDNA in the patients plasma. 33 Unfortunately, in HCC, the burden of CTC in the peripheral blood is believed to be small, with existing studies detecting CTC with a widely varied ability from 22-100%. These results demonstrate that using existing enrichment and detection technologies, sensitivity for CTC remains poor. 34 However, a recent subset study from the SORAMIC trial (Y 90 +sorafenib vs Y 90 alone), applied NGS to cfDNA to predict therapy response by detecting changes in mutational variants and frequency over time in patients with advanced HCC undergoing therapy. 35 While this application was only on a small subset of patients, it demonstrates the significant potential for gaining a wealth of information from an easily obtained sample.
Lastly, given the relative scarcity of HCC tissue, as well as the similarly low prevalence of currently druggable mutations highlights the importance of large NGS cohort trials such as MSK-IMPACT and NIH-MATCH which include nested basket trials that could subsequently lead to breakthroughs and significant improvements to patient outcomes in HCC. The framework of these trials allows for a standardization of NGS detection, establishes a pipeline for patient triage into treatment trials and ensures a way for patients to not only improve their own cancer care, but also to further the fundamental understanding of the disease.
Conclusion
Although application of NGS technologies in HCC has not carried with it an immediate benefit to patient outcomes, it has rapidly and fundamentally changed our understanding of the molecular complexity of the disease. It allows us to think differently about how we apply and develop new therapies, setting aside the idea of a "silver bullet" and focusing on how we can better identify tumoral or patient characteristics that will benefit from a given therapy. Despite existing barriers to development of targeted therapies, the evolution of NGS technologies and more minimally invasive biopsy techniques will undoubtedly lead to a more personalized view of treatment planning and help to realize the dream of a true precision medicine approach to HCC management.
